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The present work aims to study the fluidic behavior on lateral confinement by placing side-walls on the planar plug
nozzle through experiments. The study involves two cases of nozzle pressure ratio (NPR=3, 6), which correspond to
over-expanded nozzle operating conditions. Steady-state pressure measurements, together with schlieren and surface
oil flow visualization, reveal the presence of over-expansion shock and subsequent interaction and modification of
the flow field on the plug surface. The flow remains attached to the plug surface for NPR=3; whereas, for NPR=6, a
separated flow field with a recirculation bubble is observed. Spectral analysis of the unsteady pressure signals illustrates
a clear difference between the attached and the separated flow. Besides, other flow features with a distinct temporal
mode associated with and without lateral confinement are observed. The absence of lateral confinement reduces the
intensity of low-frequency unsteadiness; however, on the contrary, the interaction region is relatively reduced under
lateral confinement.
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I. INTRODUCTION
A conventional convergent-divergent (C-D) nozzle, though
successfully used in propulsion systems of rockets and launch
vehicles, undergoes performance losses when operating at
highly over-expanded conditions. These fixed geometry noz-
zles are generally designed for a particular Mach number
(Md), hence giving optimal efficiency at a particular nozzle
pressure ratio (p0/p). However, during the launch of space-
craft/rockets, as the vehicle ascends through the atmosphere.
Pressure changes continuously with the altitude, thereby mak-
ing the nozzle to operate at both over-expanded and under-
expanded regime. To overcome the losses encountered in the
over-expanded regime and to enhance the efficiency of the
propulsion system, the nozzle should be altitude adaptable.
Variable throat C-D nozzle is one option; however, they are
costly and difficult to manufacture. Besides, it requires con-
stant control for its operation at varying altitudes. The fac-
tors mentioned above eventually led the researchers to explore
the feasibility of using plug nozzles for rocket/missile appli-
cations.
Plug nozzles were used in earlier turbojets and for airplane
applications before the Second World War1,2. The concept
of plug nozzles and its characteristics performance for rocket
propulsion was first suggested by Griffith3. Plug nozzle pro-
vides altitude compensation with improved nozzle efficiency
both at low altitude and high altitude conditions as compared
to conventional bell nozzle4,5. Different groups studied the
plug nozzle overall flow features across the globe in the past
and provided in-depth insight into the performance of plug
nozzle6,7. Full-length plug nozzle usually adds significant
a)Electronic mail: Ibrahim@iitk.ac.in
weight to the vehicle, so truncated plug nozzle is usually in-
corporated to gain net performance as the only first quarter
of plug nozzle produces significant thrust. This loss of thrust
is compensated by the nozzle base pressure that acts on the
truncated base area5,8.
One of the major problems of conventional C-D nozzle is
the over-expanded nozzle operation at a pressure ratio below
its design point (low altitude). Such an operation forms a
shock wave inside the nozzle, and the flow downstream gets
separated from the nozzle wall. The flow separation makes the
flow severely unsteady, leading to the origin of fluctuating side
loads and structural vibration. These vibrations can reduce the
overall performance of the nozzle and may even result in en-
gine failure in extreme conditions9,10. Researchers11–14 had
performed a large number of experimental studies to explore
the cause of flow unsteadiness, and some of the investigations
are still in process.
Planar plug nozzles are also subjected to over-expansion
conditions when operated at nozzle pressure ratio (NPR=
p0/pa) lower than the value corresponding to the designed
condition (Md). In these cases, shock waves occur on the plug
surface leading to flow unsteadiness. Unlike the annular plug
nozzles, where the flow expands axisymmetrically, the planar
plug nozzles have flow expansion in the streamwise direction.
The process of expansion can also occur in the spanwise di-
rection in the absence of side-walls. Such lateral expansion
of the flow leads to thrust losses. Miyamoto et al.15 studied
the effects of side-wall and side-wall edge angle and reported
thrust loss in the absence of the side-wall. Also, the side-wall
edge angle neither affects the flow field nor the thrust perfor-
mance, primarily. Other researchers16,17 report similar effects
on the thrust performance due to side-wall in a linear plug
nozzle. Verma and Viji18 assessed the effect of the side-wall
and free stream flow on the base pressure measurement for
40% truncated contoured and conical plug nozzle. The com-
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plex interaction of over-expansion and recompression shocks
on the plug surface causes flow unsteadiness. Researchers per-
ceive such events as a potential source for structural damage.
They also attempted to identify the source of unsteadiness in
the exit flow and the parameters governing the base pressure
unsteadiness through quantification of shock oscillation fre-
quency. Chutkey et al.19 also reported unsteadiness associated
with the flow field of the linear plug nozzle and the effect of
clustering. However, a proper understanding of the flow dy-
namics occurring on the plug surface due to over-expansion
shock-induced flow separation and its associated unsteadiness
and the effects of adding side-wall to the plug nozzle on the
flow field is not clear till date.
Therefore, in the purview of the literature, it raises few
questions as What happens to the flow field when the strength
of the over-expansion shock increases by increasing NPR, will
the unsteadiness and temporal characteristics remain the same
or differs? How does the side-wall change/influence the flow
field characteristics on the plug surface? These queries are ad-
dressed in the present work with the help of both qualitative
and quantitative measurements.
Experiments are carried out on a half planar plug nozzle
configuration at two different NPR’s, for two different types
of flows, an attached and a separated flow, corresponding to
the over-expanded case of nozzle operation. The effect of lat-
eral confinement is studied by attaching side plates until the
full length of the plug nozzle. The influence of side-wall and
the effect of NPR’s on the nozzle flow field are visualized
using schlieren and oil flow visualization techniques to ex-
tract qualitative features of the flow. Detailed flow dynamics
are studied by measuring time-averaged static pressure on the
plug surface at both the center-line and close to the side end of
the nozzle. Furthermore, unsteady pressure measurements are
carried out to identify the dominant temporal characteristics.
The paper is organized as follows. In Section II and III,
the experimental and numerical methodology is discussed. In
Section IV, qualitative results from the schlieren and the oil
flow are presented first. Steady and unsteady pressure mea-
surements are used later to make quantitative remarks. Com-
putational results are used as supplements in each of the sec-
tions to understand the flow physics. In Section V, vital con-
clusions from the present study are listed.
II. EXPERIMENTAL METHODOLOGY
A. Free jet facility
Experiments are conducted in the free jet facility at High-
Speed Aerodynamics Laboratory, Indian Institute of Technol-
ogy Kanpur, India20. A schematic of the setup is shown in
Figure 1. The facility consists of a multi-stage reciprocating
compressor to charge the decontaminated compressed air in
the multiple storage tanks. The maximum storage pressure in
these tanks is 3.5 MPa. Later, the compressed air from the
storage tanks is supplied to the settling chamber through the
control valves. Various mesh-screens and honeycombs are po-
sitioned inside the settling chamber for flow straightening and
TABLE I. List of jet parametersa realized during the experiments
and computations at different nozzle pressure ratio (NPR=p0/p) for
a constant total temperature of T0 = 300 K.
[p0/p] u j (m/s) ν j×105(m2/s) h j (mm) M j Re j(h j)
3 402.95 0.89 6.01 1.36 2.69
6 491.41 0.62 8.09 1.83 6.42
a p0/p-nozzle pressure ratio (NPR), T -temperature, u-streamwise velocity,
ν-kinematic viscosity, h-height, M-Mach number, Re-Reynolds number.
Subscripts: j-fully-expanded jet condition, 0-total condition.
conditioning. The designed plug nozzle is connected to the
orifice at the end of the stagnation chamber, as shown in Fig-
ure 1.
B. Experimental Model
A schematic of the plug nozzle with and without side-walls
are shown in Figure 2. The model has a throat height h= 5.5
mm, slant length L = 22.4 mm, width w = 50 mm and plug
half-angle of 15◦. Two different lengths of side plates are used
for studying the effect of the side-wall, with one side plate
running up to the throat and another side plate till the full-
length plug. In total, seven wall-static pressure sensors were
placed along the streamwise direction with an axial offset of 3
mm between [x/L] = 0 and [x/L] = 0.8. A linear array of the
sensors, as mentioned above, is available along the center-line
[z/L] = 0 and also close to the side-wall [z/L] = 1 of the planar
plug nozzle to compare the effect of the side-wall on the flow
field. Typical flow conditions realized during the nozzle run
are summarized in Table I.
C. Flow Visualization (Schlieren and oil flow)
In the present work, flow visualization is carried out
through a ‘Z-type’ schlieren system21 for the case without the
side-wall as the other case offer challenges in terms of opti-
cal access. Schlieren system employs a 3W white LED light
source with a power supply (Model: HO-HBL-3W, Holmarc),
and a high-speed camera (Model: CH14-1.0-32C, Chronos)
for capturing the images along with the appropriate optics.
Schlieren mirrors are 200 mm in diameter with a focal length
of 1.5 m. The images are captured at a sampling frequency of
fs= 1000 Hz with an exposure time of te= 100 µs. The frame
resolution is 600×300 pixels at a spatial resolution of 0.1618
mm/pixel. Spatial fields are scaled using the slant length of the
plug surface (L). Surface flow visualization is also performed
with the help of an oil flow visualization technique to compare
the flow features of the plug nozzle with and without a side-
wall. A mixture of titanium dioxide, oleic acid, and vacuum
oil is used for oil flow visualization. A black acrylic sheet of
0.1 mm thickness is pasted on the nozzle plug surface, and the
mixture is sprayed on the plug surface to get an insight on the
flow feature during the test time. A Nikon R© D70 DSLR cam-
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FIG. 1. A schematic showing the layout of the experimental facility where the planar plug nozzle studies are carried out.
 
 
 
 
 
 
 
 
     
  
   
 
 
      
         
 
 
 
 
                       
         
  
    
FIG. 2. Isometric view of the planar plug nozzle (a) with and (b) without side-walls shown about the plane of symmetry (xy-plane). (c) Basic
geometrical details of the planar plug nozzle. Co-ordinate system description: x-streamwise, y-transverse, and z-spanwise or lateral direction.
o-origin, h-height, w-width, and L-length. All dimensions are in mm.
era with 16 mega-pixel resolution is used to capture the flow
field with a spatial resolution of 0.082 mm/pixel.
D. Data acquisition system and pressure measurements
(steady and unsteady)
Steady pressure measurements are acquired on the center
and side-line of the plug surface using a 16-channel steady
pressure scanner (Pressure Systems, Inc., Model-9016). One
channel of the pressure scanner is used to measure the stag-
nation chamber pressure, and others are used to measure the
wall-static pressure on the plug surface. A data acquisition
system is used to acquire the data at a sampling rate of 50
Hz over a period of 1 s. Unsteady pressure measurements
on the plug surface are carried out using PCB R© piezotron-
ics pressure sensors (Model-113B24) mounted on the center-
line and side-line of the plug surface at selected locations of
interest([x/L] = 0.8). The data are acquired at a sampling rate
of 100 kHz for a duration of 1 s. A typical steady and unsteady
pressure signal achieved during the experiments is shown in
Figure 3, where the experimental run-time is marked.
E. Uncertainty
The sources of uncertainty in the measured and the derived
quantities are calculated as per the procedures mentioned in
the book of Coleman and Steele22. Uncertainty in the mea-
sured quantities for the steady and unsteady pressure sensors
Xxxx. Xxxx (2020) — Manuscript submitted 4
                 
      
FIG. 3. (a) A typical pressure signal obtained from a pressure sensor mounted on the stagnation chamber shows the variation of the non-
dimensional pressure (p0/pa) with respect to the non-dimensionalized flow time (t/T , where T = 1 s) for NPR=3. Steady run time achieved
during the test is shown in pale-yellow color. (b) Variations observed from a typical non-dimensionalized differential unsteady pressure signal
(∆p) from the PCB R© sensor mounted on the planar plug nozzle surface along the center-line at the location [x/L = 0.8] and [z/L = 0] during
the steady run time (4.0≤ [t/T ]≤ 4.5). The dotted red-line marks the deviation bounds at ±3σ and the dotted white-line marks the zero line.
is calculated to be ±3% and ±10% about the measured val-
ues. Spatial uncertainty in imaging the flow features equals
the pixel resolution itself. Thereby, schlieren and oil flow vi-
sualization comprises features having a spatial variation of 0.2
mm and 0.1 mm, respectively. The spectral resolution from
the unsteady measurements is about 49 Hz.
III. NUMERICAL METHODOLOGY
Numerical simulations are carried out using a commer-
cial computational fluid dynamics (CFD) solver Ansys-
Fluent R© to solve the Reynolds Averaged Navier-Stokes
(RANS) equations23,24. The present work involves both two-
dimensional and three-dimensional RANS simulations. The
CFD domain boundary conditions (wall, symmetry, pressure
inlet, and pressure outlet) used in the simulations are also
shown in Figure 4. The spatial grids are generated using the
Ansys-ICEM R© module. The computational cells are of struc-
tured quadrilateral types, while an equisize skewness values
are contained well below 0.2 for 95% of the cells. A turbu-
lence model of ‘k−ω-SST’ (shear stress transport) is used
with compressibility corrections as it is known to predict the
flow separations in the jet flow field24,25. Near the wall, y+
values are maintained less than 5 with a cell spacing pro-
gression being maintained not larger than 1.2 normal to the
wall. Grid independence studies are carried out, and a fi-
nal grid of 0.1 million for 2D-RANS and 2 million for 3D-
RANS are found to be sufficient for the present analysis. In
the coupled pressure-based solver, we use air as the ideal gas.
While performing spatial discretization, Green-Gauss node-
based method is used to resolve the gradients, and a second-
order scheme is used to resolve pressure, density, momentum,
turbulent kinetic energy, specific dissipation rate, and energy.
A pseudo-transient solution steering methodology, along with
hybrid initialization, is adopted for rapid convergence of the
solution, and convergence of 10−5 is achieved in the continu-
ity equation in all the performed computations.
Computations are validated against the present experiments
through the wall-static pressure measurements on the planar
plug surface, as shown in Figure 5. Measurements along
the center-line and close to the side-wall are plotted for both
the operating conditions with and without lateral confinement.
The numerical results are found to be in good agreement with
measurements. The deviation seen closer to the end of the
planar-plug surface is attributed to the poor spatial resolution
in sensor placement and the inherent size of the sensor itself.
IV. RESULT AND DISCUSSIONS
The effect of the side-wall on the flow dynamics occurring
on the planar plug nozzle surface is studied at two different
NPR’s (3 and 6), and the jet parameters are tabulated in Ta-
ble I. The two conditions are selected as the flow remains at-
tached to the plug surface at NPR=3 and detaches at NPR=6.
Qualitative and quantitative comparisons from the flow visu-
alization through schlieren and oil flow technique together
with pressure measurements (both steady and unsteady) on
the plug surface shed valuable information. Tandem findings
from computational results give a clear understanding of the
flow field, and the overall results are explained in the follow-
ing sections.
Xxxx. Xxxx (2020) — Manuscript submitted 5
      
 
 
  
  
            
 
 
  
  
  
 
 
 
 
 
 
  
  
  
 
 
 
  
  
 
  
 
 
  
  
  
 
 
  
  
           
           
 
 
  
  
           
           
 
 
  
  
                                    
                                         
         
             
                
                             
FIG. 4. Schematic showing the side view and front view of the computational domain along with the boundary conditions. (a) Domain extents
used in the 2D-RANS/3D-RANS along the xy-plane, (b-c) Domain extents for ramp nozzle simulations without and with side-walls along the
yz-plane.
          
     
     
     
     
     
     
     
     
          
   
   
FIG. 5. Comparison of experimental and computational normalized wall-static pressure distribution along the planar plug nozzle surface (x/L)
(a) with and (b) without side-walls at two different spanwise locations ([z/L] = 0,and [z/L] ≈ 1). The solid line is from CFD results, and the
red-filled solid markers are from the experiments.
A. Schlieren imaging at different NPR’s without
side-walls
Figure 6 shows the wave structure prevailing in the plug
nozzle jet obtained using the schlieren technique. Images
on the left side show instantaneous flow field obtained from
experiments, whereas, images on the right side show time-
averaged flow field generated numerically by calculating the
gradients of the density field along the streamwise direction.
The comparison is made only for the case without the side-
walls presence since it is not possible to obtain experimental
schlieren images with the presence of side-wall. A striking
similarity between the experimental and the numerical results,
especially near the plug surface, is achieved. The pressure dis-
tribution on the planar plug nozzle depends on the evolution of
the fluid on the plug surface, which is primarily governed by
the NPR. The fluid coming from the settling chamber expands
Xxxx. Xxxx (2020) — Manuscript submitted 6
internally to sonic state as it reaches the cowl exit. Since the
cowl is designed to have a minimum cross-sectional area at
the exit, the fluid is choked right at the cowl lip. As the fluid
leaves the cowl, it undergoes supersonic expansion on the pug
surface. This expansion occurs externally since the jet plume
on the ramp surface is exposed. The upper jet boundary is free
to adjust to the outer atmosphere. Therefore, external expan-
sion nozzles are capable of adapting to the changing ambient
conditions resulting in better off-design performance as com-
pared to conventional nozzles.
In Figure 6a, flow field for NPR=3 is shown where fluid
expands near the cowl through an expansion fan that is cen-
tered on the cow lip. In Table I, the fully expanded jet
height is given, where h j < he for both the NPR’s. From the
free/confined jet nomenclature26,27, the farther the values of
h j from he, the higher the degree of over-expansion, and it is
vice versa if h j approaches he. All the NPR cases are iden-
tified to be over-expanded, with the degree of over-expansion
being higher for NPR=3 than NPR=6. The nozzle at NPR=3 is
highly over-expanded because of which the expansion waves
(the white region near the cowl-lip) are confined to a small
region of the ramp surface near the cowl exit. These expan-
sion waves are reflected from the ramp towards the outer shear
layer. These expansion waves then are reflected from the shear
layer as weak compression waves and result in the formation
of an over-expansion shock wave on the ramp, as shown in
Figure 6a.
The formation of over-expansion shock wave causes a sud-
den rise in the static pressure distribution on the ramp surface,
as evident from Figure 5. The shock wave interacts with the
upper shear (white) layer and is reflected as expansion waves
towards the lower shear layer (black). The back and forth a
reflection of shocks and expansion waves results in the for-
mation of a shock-cell structure that is confined within the
supersonic core of the jet. The supersonic core is bounded
by the upper and the lower shear layer, as can be seen from
the schlieren image (Figure 6a). The jet remains attached to
the ramp surface, and no evidence of flow separation is ob-
served. The boundary of the jet is straight, and the jet itself
is aligned with the plug surface with the same inclination of
15◦, as shown in Figure 4. After leaving the plug surface, the
jet trajectory is inclined to ∼ 12◦ with the horizontal plane.
As the NPR is increased to 6, as shown in Figure 6b, the jet
expands strongly near the cowl lip. The free shear layer opens
up to a width more extensive than that of the NPR=3 cases.
As the jet width rapidly increases in the free shear layer side,
the fully-expanded jet width (h j) is realized well before the
termination of the plug wall surface. Hence, the flow sepa-
rates shortly before leaving the plug surface. Because of the
separation, the jet boundary turns away from the plug sur-
face through a strong oblique shock, as shown in Figure 6b.
Since the nozzle plug surface is linear and is not designed for
smooth expansion, a strong oblique shock wave is inevitable,
and it stands near the tip of the plug surface. Due to the strong
oblique shock wave encounter, the boundary layer separates
from the ramp wall, and the lower shear layer is turned away
from the wall. The interaction of the oblique shock wave with
the boundary layer is often responsible for the generation of
unsteady pressure fluctuations on the wall, which is discussed
in the upcoming section. A more extended supersonic core
with bigger shock cells in comparison to NPR=3 is observed
for NPR=6. After separation at [x/L] ≈ 0.8, the jet trajectory
is inclined at even a lesser angle (∼ 9◦) with the horizontal
plane than that of the previous.
B. Oil flow visualization
The images obtained from the oil flow visualization tech-
nique are processed using MATLAB R© and are compared with
the computational results. The values of shear stress (τx) along
the x-direction is calculated using the Equation 1 (where µ-
dynamic viscosity, u,v,w-velocity components in x,y,z direc-
tions) mentioned below to compare the numerical results with
the experiments. Parallel comparison of streaks from the oil
flow visualization with the total streamwise shear stress from
the computations is given in Figure 7.
τx = 2µ
∂u
∂x
+µ
[
∂u
∂y
+
∂v
∂x
]
+µ
[
∂u
∂ z
+
∂w
∂x
]
(1)
As it is evident from Figure 7, flow for NPR=3 is attached,
whereas, for NPR=6, it is separated. Lateral confinement
keeps the flow features relatively two dimensional (separation
line being straight), whereas free lateral expansion forms sym-
metrical jet distortions about the symmetry plane (separation
line being curved). Separation lines are marked using the dot-
ted yellow line in Figure 7-Ia and 7-Ib. The separation line
is found to be closer to the throat when there is a free lateral
expansion ([x/L] ≈ 0.75), whereas lateral confinement keeps
the separation slightly away from the throat ([x/L]≈ 0.8).
Corresponding computations also reveal almost the same
features. Streamlines drawn closer to the wall marks the dis-
torted and separation zones. The separation zones could be
readily identified in Figure 7-IIa and 7-IIb for NPR=6 by see-
ing the absence of streamlines around the trailing edge of
the planar plug nozzle (0.7 ≤ [x/L] ≤ 1). An oblique shock
forms at the point of separation as the nozzle flow is su-
personic upstream. In the case with no lateral confinement,
three-dimensional separation leads to the formation of curved
shocks.
The observation from pressure plots shown in Figure 5
strongly suggests that there is a sudden rise in the wall pres-
sure values at locations predicted by qualitative visualization
from oil flow experiments and numerical results (shown in
Figure 7). The rise in pressure values is mainly due to the
presence of over-expansion shockwaves on the pug surface.
These shockwaves interact with the growing boundary layer.
The interaction results in the thickening of the boundary layer
and eventually leads to flow separation and results in the for-
mation of a recirculation bubble on its surface. The portion on
the plug surface where the shock interacts with the boundary
layer is hereafter called the interaction region.
The oil flow visualizations reveal that the flow remains at-
tached for NPR=3, irrespective of the lateral confinement. On
the contrary, for NPR=6, a recirculation bubble can be seen
Xxxx. Xxxx (2020) — Manuscript submitted 7
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FIG. 6. Typical time-averaged schlieren images obtained from (I) experiments and (II) computations (||∂ρ/∂x||, normalized density gradient
along the streamwise direction) at two different NPR’s (a. NPR=3, and b. NPR=6) for the planar plug nozzle flows without side-walls. Flow
features: 1. Free shear layer, 2. Attached flow, and 3. Separated flow.
          
  
   
          
  
   
    
 
  
 
 
  
 
 
  
 
 
  
FIG. 7. Comparison of (I) oil flow visualization with the (II) locally normalized shear-stress distribution (τx) along the x-direction from the
3D-RANS simulations for the two cases of NPR (3 and 6) in a planar plug nozzle flows (a) without and (b) with side-walls.
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due to separation. The absence of lateral confinement makes
the separation further three-dimensional. The shock wave on
the plug surface for NPR=3 might not be strong enough to
cause the flow separation; instead, the boundary layer thick-
ens due to the presence of an adverse pressure gradient.
The flow Mach number variation along the center-line and
side-line of the plug surface was evaluated using isentropic
relation until the shock location on the plug surface. An in-
crement in the magnitude of Mach number from 1.38 to 1.83
is observed at the center-line with side-wall as NPR increases
from 3 to 6. Due to this increase in Mach number, the shock
strength is enhanced, and the interaction with the boundary
layer is stronger, thereby resulting in a larger interaction re-
gion and a larger recirculation bubble for NPR=6. Addition-
ally, flow acceleration near the side-wall due to the displace-
ment effect of the side-wall boundary layer aids in making the
flow more resistant to separation28,29.
C. Pressure distribution
1. Center-line pressure measurements
Figure 8 depicts the wall-static pressure measurement over
the plug surface in which [x/L] = 0 represents the position
of the throat, and the x-axis is non-dimensionalized by the
slant-height of the plug surface (L). Along the center-line
of the plug surface, ([z/L] = 0), the normalized wall-static
pressure distribution (p/p0) is invariant among the cases with
and without side-wall for both the NPR’s under investigation.
Values of p/p0 decrease along the flow direction due to the
expansion of the flow until the location [x/L] = 0.67, after
which a rise in pressure was observed at [x/L] = 0.8, which is
the last available port for pressure measurements. Somewhere
between [x/L] = 0.67 and 0.8, there exist a region where a
sudden pressure jump should be occurring. Based on the
schlieren and oil flow visualization, we observe that this pres-
sure rise is achieved through over-expansion oblique shock-
wave. This mechanism exists to equalize the expanding gas
pressure (p) to the ambient pressure (pa). Unlike the NPR=3
case, for NPR=6, no significant rise in pressure values were
observed along the plug surface; however, schlieren visual-
ization (both experimental and numerical) showed a strong
oblique shock wave. As a result of the higher strength of
this over-expansion shock, more rise in static pressure was ex-
pected; nevertheless, the presence of interaction region (Fig-
ure 7) and the characteristic altitude adaptability of the pug
nozzle played a vital role in decreasing the degree of incre-
ment in pressure, thereby less rise in pressure was perceived
as can be seen from Figure 5.
2. Sideline pressure measurements
Along the side-line at [z/L] ≈ 1 in the presence of the
side-wall, the pressure distribution is different (Figure 8).
It is slightly higher when compared to the measurements at
[z/L] = 0, owing to the developing boundary layer on the plug
surface and the side-wall. However, the pressure distribution
trend and the location of the oblique shock wave on the plug
surface are similar to those along the center-line ([z/L] = 0).
Such observations also confirm that the separation line formed
due to the oblique shock wave along the spanwise direction
is straight, suggesting the flow field along the plug surface re-
mains almost two dimensional in the absence of the side-walls
at NPR=6. In the absence of a side-wall, there is a rapid ex-
pansion of jet in the lateral direction starting from the throat
region. This is, in turn, confirmed by the pressure measure-
ments (see Figure 8) along the side-line at [z/L] ≈ 1, which
showed a huge difference in pressure values compared to the
case with the side-wall being present. The separation line thus
cannot be two-dimensional for the case without the side-wall.
The interaction is complex and three-dimensional. Moreover,
in the absence of side-wall, along the sideline of the plug sur-
face, the pressure jump is around [x/L] = 0.27 for NPR=3 and
around [x/L] = 0.4 for NPR=6, in contrary to the pressure rise
along the center-line ([z/L] = 0). This intuitively suggests that
the separation line due to the oblique shock wave is curved due
to lateral expansion.
D. Power spectra
The flow field on the plug surface is observed to be un-
steady from both schlieren and oil flow visualization. In order
to study the temporal characteristics of the dynamic pressure
signal in the interaction region, a spectral analysis is carried
out using the Welch method to deduce the frequency spectrum
and associated Power Spectral Density (PSD). Since the ob-
jective of the present investigation is to study the effect of lat-
eral confinement on plug surface flow field, the spectral anal-
ysis is carried out only for two locations inside the interac-
tion region: along the center-line ([z/L] = 0) and closer to the
side-wall ([z/L] ≈ 1) at [x/L] = 0.8. The pre-multiplied PSD
is normalized using a common variance for the comparison of
different cases. The obtained spectra for NPR=3 and 6, at the
center-line [z/L] = 0 with the lateral confinement, is plotted in
Figure 9a.
The spectra show a notable difference, especially in the
low-frequency range. The spectra do not show any significant
spectral feature except for a dominant peak around 8 kHz for
NPR=3, where the flow remains attached to the plug surface.
On the other hand, NPR=6, where the flow is separated due
to shockwave-boundary layer interaction, has shown several
spectral features, ∼ 103 Hz. Two significant broadband spec-
tra were observed, the first one between 0.35 0.48 kHz with
a peak value at 0.45 kHz and the second one between 1 1.6
kHz with dominant peaks at 1.1 and 1.5 kHz. While the low-
frequency large-amplitude fluctuations (0.45 kHz) can be at-
tributed to the oscillation of separation shock foot14, the high-
frequency high-amplitude fluctuation (1 1.6 kHz) can be due
to the motions induced by shock-shear layer interactions30,31.
Other spectral features observed for NPR=6 are bands cen-
tered around 2 and 4.5 kHz; however, their amplitudes are
very less when compared to others. In the absence of lateral
confinement, the spectral features remained the same for both
Xxxx. Xxxx (2020) — Manuscript submitted 9
            
FIG. 8. Normalized wall-static pressure distribution (p/p0) along plug surface (x/L) at two different NPR’s: (a) NPR=3, and (b) NPR=6 with
and without side-walls along the center-line ([z/L] = 0) and close to the side-wall ([z/L]≈ 1).
the NPR’s except that their amplitude is smaller, as shown in
Figure 9b. Irrespective of the lateral confinement, a prominent
peak of equivalent power is observed at 0.85 kHz for NPR=6.
Earlier works on the plug nozzle also reported a similar peak
at the same frequency and have associated it with the over-
expansion shock18,19.
Similar to NPR=3, the case with NPR=6 also exhibits a
dominant peak at 3.85 kHz. Similar observations were also
reported in the earlier research works on plug nozzles18,19,
where they observed dominant frequency at 3.36 kHz for
NPR≈11 and at 3.8 kHz at NPR≈9. These high frequen-
cies are attributed to the overall unsteadiness on the plug sur-
face, and it is reported that the entire flow was fluctuating
at this single frequency. However, from our present stud-
ies, we speculate that these frequencies are due to acoustic
screech. The acoustic radiation generated downstream of the
nozzle exit propagates upstream and interacts with the thin
shear layer at the nozzle lip, thereby intensifying the instabil-
ity which is convected downstream and generates acoustic ra-
diation, which again propagates upstream, thereby forming a
feedback loop and producing a discrete frequency tone32. Un-
like conventional C-D nozzle, this interaction of acoustic ra-
diation with the shear layer occurs at the throat exit, due to the
absence of plug on the upper throat-lip, thereby influencing
the fluctuations on the plug surface in the bottom throat-lip.
This feature of acoustic screech influencing the fluctuation on
the plug surface seems to be a characteristic of plug nozzle.
The frequency is found to decrease from 9.3 kHz to 4.35
kHz with an increase in NPR from 3 to 6. The behavior of
lower-shifting of the peak frequency with an increase in NPR
is similar to that of the events observed in the free jets31.
Notably, the screeching frequency is attributed to the Mode-
B events observed at higher frequency kHz) (between 4 to 8
kHz) when the NPR is between 3-7.
The spectra from the unsteady pressure signal measured
along the side-line ([z/L] ≈ 1), in the presence and absence
of side-wall, for different NPR’s are shown in Figure 9c-d.
For both the NPR’s, no noticeable changes in the spectral
lines are observed due to the lateral confinement in compari-
son with the spectra seen at the center-line ([z/L] = 0), except
a slight power drop. However, the power of the dominant fre-
quency for NPR=6 is increased significantly in the absence of
the side-wall. For NPR=6, the spectral features are similar to
those observed at the center-line; however, in the absence of
side-wall, their amplitudes in the frequency range of 1 1.5
kHz are noticeably lower owing to the sideways spillage of
the separated flow. On the other hand, the spectra had the
same amplitude at 0.4 and 0.85 kHz both in the presence and
absence of the side-wall.
Another noticeable event includes the influence of the
screech on the interaction region. Even though the flow is at-
tached in NPR=3, when the lateral confinement is absent, the
flow is forced by the screech frequency. The influence is seen
in Figure 9c, where the power is almost twice the case with
lateral walls. In addition, a small positive shift in frequency
is seen for both the operating conditions. The downstream
acoustic forcing of the upstream screech through the subsonic
portion of the boundary layer might create such narrow spec-
tra at the point of measurement.
From the computational results in Figure 10, the communi-
cation or forcing from the environment back to the interaction
region is seen between the two different NPR conditions. At
NPR=3, the flow is observed to be attached, and the separated
shear layer is comparatively thinner than the NPR=6 case. At
NPR=6, due to flow separation on the ramp wall surface, the
streamlines from the ambient pass through the separation zone
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FIG. 9. Non-dimensionalized pre-multiplied power spectra of the wall-static pressure fluctuations (∆p) from the unsteady PCB sensors placed
on the planar plug nozzle surface at different NPR’s (NPR=3 and NPR=6, a-b), along the (a, c) center-line (at the location [x/L = 0.8] and
[z/L= 0]) and (b, d) close to the side-wall (at the location [x/L= 0.8] and [z/L≈ 1]) for both the cases: with and without side-walls (c-d). A
common variance of σ2∆p = 1 kPa
2 is used for normalization to appreciate the comparison.
(the region is marked as a dotted white circle). In the event of
no lateral confinement, tonal disturbances from the screech
(Mode-B) severely influences the unsteady dynamics around
the flow separation zone, which explains the varying power
levels observed in Figure 9c-d.
E. Three-dimensional effects
As evident from the previous measurements, three-
dimensional events are prominent in the absence of lat-
eral confinement. Computational results from the trans-
verse planes are analyzed to assess the extent of the three-
dimensional flow features. Slices are taken at [x/L] ≈ 1 in
all the cases, and the normalized density contours are visual-
ized. From Figure 11, the flow seems two-dimensional only
for NPR=3 under lateral confinement. For higher NPR, three-
dimensional features start to propagate from the walls to the
core. The separation is predominant in the core flow, and the
jet remains attached closer to the wall. On the contrary, the jet
structure is three dimensional for both the NPR’s when there
is a free lateral expansion. However, the severity is more for
NPR=6 cases. A visible distorted mouth-like structure could
be seen with a strong lifted-up vortex closer to the extrema of
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FIG. 10. Two-dimension contour plot of the non-dimensionalized density (ρ/ρr, where ρr=1 kg/m3) in the xy-plane at [z/L = 0] at different
NPR’s: (a) NPR=3, and (b) NPR=6 for both the two-dimensional case which resembles the case with side-walls. The dotted white-circle points
the passage of an almost parallel streamline through the separated flow region on the planar plug nozzle surface.
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FIG. 11. Two-dimension contour plot of the non-dimensionalized density (ρ/ρr, where ρr=1 kg/m3) in the yz-plane at [x/L ≈ 1] at different
NPR’s (NPR=3 and NPR=6) for both the cases (a) with side-walls and (b) without side-walls. The horizontal dotted red-lines mark the locus of
the upper [y/L]≈ 0.25 and lower edge [y/L] = 0 of the throat. The horizontal dotted black-line mark the edge of the plug surface [y/L]≈−0.25
lip at [x/L ≈ 1]. The vertical dotted blue-lines mark the limiting span (w) of the planar plug nozzle (−1.1 ≤ [z/L] ≤ 1.1). The solid red line
marked at NPR=6 case represents the region of separated flow between the plug surface and the lower jet boundary.
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the nozzle. The effective jet diameter leaving the plug noz-
zle under such strong three dimensional interactions would be
much less as seen in Figure 11b. These changes alter the near
and far-field jet characteristics, in addition to the variations
observed on the side load characteristics.
V. CONCLUSIONS
A planar plug nozzle with and without side-walls are an-
alyzed both numerically and experimentally at two differ-
ent over-expanded nozzle pressure ratio (NPR=3 and 6).
Schlieren and oil flow visualization are used as qualitative
tools, whereas the steady and unsteady pressure measure-
ments are utilized to extract quantitative information. Compu-
tations are identified to replicate results closer to experiments.
Experimentally inaccessible flow planes are visualized com-
putationally to extract flow physics. Following are the major
conclusions from our study:
• Lateral confinement keeps the separation at higher NPR
fairly two-dimensional. Upon free lateral expansion,
the separation zones are observed to be larger and three-
dimensional.
• At higher NPR’s, unsteady flow separation is severe and
observed to be in the low-frequency range.
• The spectral contents tend to shift slightly positive due
to the presence of confinement irrespective of NPR’s.
However, during free lateral expansion, the power of
different spectral lines drops drastically.
• Lateral confinement offers shielding from the down-
stream screech, which reduces the power to almost half
of the value.
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